Turbidity is an indicator of the quality of water and usually exhibits variability associated with changing hydrodynamic conditions, which can be reflected in the sediment dynamics in coastal regions. Darwin Harbour is a typical macro-tidal, well mixed, and complex environment influenced by industries, human activities, and natural factors-including winds, currents, river discharges, waves, and tides. As a case study, hydrodynamics and sediment dynamics in Darwin Harbour are investigated using moderate resolution imaging spectroradiometer (MODIS) measurements. This study focuses on understanding the variability of turbidity, mechanisms that control the variations of turbidity and analyzing field data to determine the main factors that influence the sediment dynamics in Darwin Harbour. The results of this study illustrate the seasonal turbidity variation is mainly influenced by the wind waves. The dredging campaigns in 2013 and 2014 wet seasons contributed to the rise of turbidity in Darwin Harbour. The action of tidal currents appears to be the dominant factor controlling the turbidity pattern in a spring-neap cycle and the turbidity intra-tidal variation. In addition, the turbidity maximum zone (TMZ) near Charles Point is formed by the tidal current convergence based on the results of current modelling.
Introduction
A coastal zone is an area between land and ocean where a large variety of materials and energy interact. The population and number of large-scale industries in coastal areas have increased dramatically in recent decades and this contributes to both water pollution and damage to sensitive coastal ecosystems. Thus, monitoring coastal water quality as part of the management of harbours and marine industries is essential to control water pollution and protect these coastal habitats. Turbidity is an index of light attenuation and water quality and is important for understanding coastal erosion, as well as agricultural and urban nutrient discharges [1] . Therefore, monitoring dynamic variations of surface turbidity in coastal areas is important for understanding coastal sedimentary processes and dynamics [2] [3] [4] [5] .
The measurement of turbidity in coastal areas using conventional in situ methods at fixed stations provides long time series of high-quality measurements of turbidity. However, because analyze its characteristics. Results of the analysis of the turbidity and the influence of various natural forcings on its spatial structure are discussed in Section 3. Conclusions are provided in Section 4. 
Data and Methods

Study Area
Darwin Harbour (12°28′S, 130°51′E) is a semi diurnal macro-tidal estuary near Darwin on the north coast of the Northern Territory of Australia. It has 3 arms: the West Arm (WA), the Middle Arm (MA) and the East Arm (EA) (Figure 1 ). The tidal range in Darwin Harbour varies during the springneap tide cycle, with a mean 5.5 m spring and 1.9 m neap range. The maximum tidal range can be as high as 7.8 m [25] [26] [27] [28] . Soft surfaces consisting of muds and fine sand are estimated to cover approximately 80% of the study domain [27, 28] . According to McKinnon et al. [29] , the concentration of chlorophyll in Darwin Harbour is low, with 0.77 μg/L in the wet season and 0.89 μg/L in the dry season. Darwin Harbour is a flooded river valley system with two main rivers, the Blackmore River and Elizabeth River. According to Padovan [30] , the seasonal river discharge fluctuates seasonally, with 605 and 389 ML/day for these two rivers in January, decreasing to zero by July when there is no freshwater input into Darwin Harbour until the following wet season. The water depth ranges from 0 to 20 m, with a maximum of about 40 m in coastal areas [25] .
The Darwin Harbour area is dominated by a tropical climate with an average annual rainfall of 1,729 mm. The wet season (November to April) has mean rainfall of 269 mm/month and is dominated by cyclone activity. During the dry season (May to October), the rainfall decreases substantially to 19.3 mm/month (Australian Bureau of Meteorology, 2017).
Observational Data
Observational data, including wind, wave, tide, and turbidity from November 2012 to October 2017 for an IMOS station located at 12.34°S, 130.69°E in the outer harbour were downloaded from the Australian Institute of Marine Science (AIMS) (https://www.aims.gov.au/docs/data/data.html). The instrument used to measure turbidity is the Wetlabs Water Quality Monitor. The surface turbidity was used to calibrate the MODIS reflectance data. Monthly averaged river discharge was obtained from the Water Data Portal (https://nt.gov.au/environment/water/water-data-portal). 
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Observational Data
Observational data, including wind, wave, tide, and turbidity from November 2012 to October 2017 for an IMOS station located at 12.34 • S, 130.69 • E in the outer harbour were downloaded from the Australian Institute of Marine Science (AIMS) (https://www.aims.gov.au/docs/data/data.html). The instrument used to measure turbidity is the Wetlabs Water Quality Monitor. The surface turbidity was used to calibrate the MODIS reflectance data. Monthly averaged river discharge was obtained from the Water Data Portal (https://nt.gov.au/environment/water/water-data-portal).
MODIS Data
Aqua and Terra are two polar-orbiting satellites launched by the U.S. National Aeronautics and Space Agency (NASA) in 1999 and 2002, respectively, which carry MODIS sensors with 36 spectral channels. Important advantages of MODIS are the length of the time series of measurements Remote Sens. 2018, 10, 997 4 of 26 and the high 250-m spatial resolution. The surface reflectance data (MYD09GQ and MOD09GQ) were downloaded from 1 November 2012 to 31 October 2017, from the Land Processes Distributed Active Archive Center (LP DAAC) of the US Geological Survey (USGS) and NASA. These surface reflectance data are geolocated and atmospherically corrected. Doxaran et al. [2] described the detailed atmospheric correction process for this product. The data are not corrected for skylight reflection at the atmosphere-ocean interface and are not accurate enough for open ocean applications. However, the data are appropriate for application in turbid coastal waters [2] . The MODIS images were processed by the MODIS Reprojection Tool (MRT) and ENVI version 5.1. For images covered by clouds, the methodology based on band 2 was applied to remove cloud contamination [2, 3, 12] . Many studies have tested this product and the reflectance was found to have significant correlation with in situ turbidity measurements and SSC in coastal areas [1, 12, 23, 24] .
Turbidity Retrieval Algorithm
Many studies have developed algorithms to retrieve SSC and turbidity, using the correlation between in situ observations and the reflectance measurements obtained by MODIS and other ocean color sensors [1, 11, 23, 31] . The algorithm used for this study is based on the semi-analytic sediment model (SASM), which was applied to MODIS-Aqua observations by Dorji et al. [32] . They developed the model to retrieve SSC in northern Western Australia based on radiative transfer algorithms and it performs better than other linear, polynomial, and exponential models [32] [33] [34] . The model is given by
where
, g 1 = 0.084, g 2 = 0.17, r s = R rs 0.52 + 1.7 × R rs , R rs is the atmospherically corrected MODIS band 1 reflectance, and a, b, and c are derived parameters using regression analysis between the in situ turbidity measurements and x.
In order to calibrate and test the model, 184 reflectance datasets for Aqua (135 for calibrating, 49 for validation), and 198 datasets for Terra (150 for calibrating, 48 for validation), were randomly selected from the period November 2012-October 2017. The resulting calibrated models by Equations (2) and (3) for Aqua and Terra are shown in Figure 2a . Figure 2b and Table 1 show the comparison between the MODIS retrieved turbidity and observations from the IMOS station with good correlation scores in both cases.
where the Equations (2) and (3) are used to retrieve turbidity for Aqua and Terra, respectively. Root mean square error (RSME) and mean absolute percentage error (MAPE) are calculated using (2) and (3)) using regression analysis between in situ turbidity and x; (b) comparisons between measured turbidity at the IMOS station and the MODIS retrieved surface turbidity. (2) and (3)) using regression analysis between in situ turbidity and x; (b) comparisons between measured turbidity at the IMOS station and the MODIS retrieved surface turbidity.
Results and Discussion
Seasonal Variation of Turbidity in Darwin Harbour
Turbidity in the Darwin Harbour is influenced by various factors, including wind, river discharge, and tide. To study seasonal variations of turbidity in Darwin Harbour, MODIS passes at the same tidal phase (low water level in spring tides) during the period from November 2012 to October 2017, were chosen and grouped into wet and dry seasons to calculate the time-averaged turbidity distribution. During the wet season, the cloud coverage in the study domain is greater than that in the dry season, and as a result there are less clear or partly cloudy MODIS passes available during the wet season compared to the dry season ( Table 2) . Turbidity in the Darwin Harbour is influenced by various factors, including wind, river discharge, and tide. To study seasonal variations of turbidity in Darwin Harbour, MODIS passes at the same tidal phase (low water level in spring tides) during the period from November 2012 to October 2017, were chosen and grouped into wet and dry seasons to calculate the time-averaged turbidity distribution. During the wet season, the cloud coverage in the study domain is greater than that in the dry season, and as a result there are less clear or partly cloudy MODIS passes available during the wet season compared to the dry season ( Table 2) . During 2013 to 2017, the turbidity maximum zone (TMZ), which is defined as values greater than 8 NTU was located in the estuary of the Elizabeth and Blackmore Rivers, the area near Charles Point and parallel with the coastline. There is clearly seasonal spatial variation of the turbidity during the chosen period, especially around the west coast near Charles Point and the inner harbour. During the wet season, the turbidity of the inner harbour was at least 8 NTU, which is much higher than that in dry seasons. At the mouth of the Elizabeth and Blackmore Rivers, the turbidity was always high during the wet season. In particular, in 2013 and 2014 the turbidity in the estuary of the Elizabeth River reached 15 NTU. During dry seasons, the turbidity in the inner harbour was lower (6 NTU) and the TMZ was smaller compared with wet seasons. In general, the TMZ was located in a limited region, near coastal areas and the mouth of the rivers. In the outer harbour, seasonal variation of turbidity near Charles Point was high (shown in Figure 4a ), increasing to 16 NTU and extending into the deep ocean in wet seasons and decreasing to less than 11 NTU in dry seasons (Figure 4 ). The TMZ was always located near Charles Point and the area near Nightcliff and East Point (Figure 3 ). The mechanisms controlling the TMZ will be discussed in Section 3.4. During 2013 to 2017, the turbidity maximum zone (TMZ), which is defined as values greater than 8 NTU was located in the estuary of the Elizabeth and Blackmore Rivers, the area near Charles Point and parallel with the coastline. There is clearly seasonal spatial variation of the turbidity during the chosen period, especially around the west coast near Charles Point and the inner harbour. During the wet season, the turbidity of the inner harbour was at least 8 NTU, which is much higher than that in dry seasons. At the mouth of the Elizabeth and Blackmore Rivers, the turbidity was always high during the wet season. In particular, in 2013 and 2014 the turbidity in the estuary of the Elizabeth River reached 15 NTU. During dry seasons, the turbidity in the inner harbour was lower (6 NTU) and the TMZ was smaller compared with wet seasons. In general, the TMZ was located in a limited region, near coastal areas and the mouth of the rivers. In the outer harbour, seasonal variation of turbidity near Charles Point was high (shown in Figure 4a ), increasing to 16 NTU and extending into the deep ocean in wet seasons and decreasing to less than 11 NTU in dry seasons (Figure 4 ). The TMZ was always located near Charles Point and the area near Nightcliff and East Point ( Figure 3 ). The mechanisms controlling the TMZ will be discussed in Section 3.4. 
Factors Controlling the Seasonal Variability of Turbidity
Many factors-such as tides, winds, waves and river discharge-can influence the seasonal variation of turbidity [4] . For coastal areas, the river discharge is regarded as an important factor for seasonal turbidity. High river discharge can form a freshwater front and seaward residual currents, which affects the water circulation, turbulent mixing in the water column and helps to form a turbidity maximum zone [35] . The materials transported by the river flow can also affect the distribution of turbidity.
The cross section from P1 to P2, which is about 36 km long ( Figure 1 ) was chosen to display patterns of turbidity distribution and evaluate the influence of river discharge on the turbidity in the wet and dry season. The seasonal turbidity variability of Darwin Harbour is shown in Figure 4 , with a larger turbidity in the inner harbour during the wet season.
During the dry season, the turbidity decreased slightly from about 6 NTU in the inner harbour to about 4 NTU in the outer harbour. In the wet season, the turbidity in the inner harbour was between 7 and 9 NTU while it was similar to the dry season in the outer harbour. The seasonal turbidity pattern along transect 1 was similar for all years with higher turbidity in the wet season compared with the dry season for the inner harbour ( Figure 5 ). In general, the turbidity slowly decreased from the mouth of the estuary to the outer harbour.
(a) 
According to gauges in the Blackmore River, Berry Creek, and Elizabeth River ( Figure 6 ), the river runoff in the 2017 wet season was significantly higher than other years. Nevertheless, the turbidity along transect 1 in the wet season in 2017 was not much higher than other years. The largest measured river discharge during an exceptional flood, was 1000 m 3 s −1 , which is about 1% peak tidal discharge at the mouth [36] . This suggests that the influence of river discharge on turbidity in Darwin Harbour was negligible. 
(a) According to gauges in the Blackmore River, Berry Creek, and Elizabeth River (Figure 6 ), the river runoff in the 2017 wet season was significantly higher than other years. Nevertheless, the turbidity along transect 1 in the wet season in 2017 was not much higher than other years. The largest measured river discharge during an exceptional flood, was 1000 m 3 s −1 , which is about 1% peak tidal discharge at the mouth [36] . This suggests that the influence of river discharge on turbidity in Darwin Harbour was negligible.
It is noteworthy that the wet season turbidity in the East Arm in 2013 and 2014 was much higher than other years (Figure 3a [36, 37] , and large amounts of fine sediment were resuspended in the East Arm and there was a muddy plume arising from a continuous mud discharge from the dredging activity. At the same phase of dredging, the disposal materials would be transported to an offshore dumping area (red box seabed [36, 37] , and large amounts of fine sediment were resuspended in the East Arm and there was a muddy plume arising from a continuous mud discharge from the dredging activity. At the same phase of dredging, the disposal materials would be transported to an offshore dumping area (red box in Figure 3 ), which contributed to the rise of turbidity near the offshore disposal area during the corresponding period in 2013 and 2014 (Ichthys Nearshore Environmental Monitoring Program, 2015). Because of the large tidal range in Darwin Harbour, there is no clear river plume in the study domain and the suspended matter is well mixed [36, 37] . According to IMOS field wind data (shown in Figure 7 ), there is a prevailing westerly wind during the wet season, which becomes weaker easterly in the dry season. Because of the large tidal range in Darwin Harbour, there is no clear river plume in the study domain and the suspended matter is well mixed [36, 37] . According to IMOS field wind data (shown in Figure 7 ), there is a prevailing westerly wind during the wet season, which becomes weaker easterly in the dry season. seabed [36, 37] , and large amounts of fine sediment were resuspended in the East Arm and there was a muddy plume arising from a continuous mud discharge from the dredging activity. At the same phase of dredging, the disposal materials would be transported to an offshore dumping area (red box in Figure 3 ), which contributed to the rise of turbidity near the offshore disposal area during the corresponding period in 2013 and 2014 (Ichthys Nearshore Environmental Monitoring Program, 2015). Because of the large tidal range in Darwin Harbour, there is no clear river plume in the study domain and the suspended matter is well mixed [36, 37] . According to IMOS field wind data (shown in Figure 7 ), there is a prevailing westerly wind during the wet season, which becomes weaker easterly in the dry season. Waves generated by the wind acting on the fetch play an important role in re-suspending sediment in estuaries. Strong waves can increase the bed shear stress which can enhance the sediment re-suspension in shallow waters. Waves less than 20 cm high can already resuspend sediment in coastal areas [38] . Apart from waves, residual currents, driven by wind, density, runoff, and bathymetry can also influence the distribution of turbidity. However, in Darwin Harbour, the effects of residual currents are negligible compared with tidal currents [25, 37] . Therefore, the effect of waves driven by strong winds will be mainly discussed here. Waves generated by the wind acting on the fetch play an important role in re-suspending sediment in estuaries. Strong waves can increase the bed shear stress which can enhance the sediment re-suspension in shallow waters. Waves less than 20 cm high can already resuspend sediment in coastal areas [38] . Apart from waves, residual currents, driven by wind, density, runoff, and bathymetry can also influence the distribution of turbidity. However, in Darwin Harbour, the effects of residual currents are negligible compared with tidal currents [25, 37] . Therefore, the effect of waves driven by strong winds will be mainly discussed here. The significant wave height has a strong relationship (R = 0.74) with wind velocity at the IMOS station (Figure 8 ). High turbidity there generally corresponded to high significant wave height and strong wind. According to the IMOS field data (Table 3) , from 2013 to 2017, the mean wind velocity and significant wave height in the wet season were much higher than that in the dry season. Higher winds in the wet season can systematically influence the turbidity by causing larger waves and re-suspending larger amounts of sediment on the seabed. In contrast, weaker winds and lower wave heights in the dry season leaded to low turbidity in the study domain. The wave effect on turbidity has also been found in coastal regions around the world, including the Yalu estuary [4] , the estuary of the Yangtze River [39] , and the English Channel [40] . Through the analysis of variation (ANOVA) [41] for the five years data of the wet and dry seasons, p-value < 0.01 at Station B and =0.04 at IMOS Station, respectively, indicating the turbidity seasonal variation in the inner harbour is more significant, compared with the deep waters in the outer harbour. This is because suspended sediment driven by waves is an important resuspension mechanism in shallow estuaries and coastal areas [42] and the sediment in shallow water can be easily carried to the water surface by strong waves. Hence, due to the smaller water depth, the seasonal variation in turbidity in the inner harbour and coastal areas was more notable than that in the outer harbour.
Remote
The significant wave height has a strong relationship (R = 0.74) with wind velocity at the IMOS station (Figure 8 ). High turbidity there generally corresponded to high significant wave height and strong wind. According to the IMOS field data (Table 3) , from 2013 to 2017, the mean wind velocity and significant wave height in the wet season were much higher than that in the dry season. Higher winds in the wet season can systematically influence the turbidity by causing larger waves and resuspending larger amounts of sediment on the seabed. In contrast, weaker winds and lower wave heights in the dry season leaded to low turbidity in the study domain. The wave effect on turbidity has also been found in coastal regions around the world, including the Yalu estuary [4] , the estuary of the Yangtze River [39] , and the English Channel [40] . Through the analysis of variation (ANOVA) [41] for the five years data of the wet and dry seasons, p-value < 0.01 at Station B and =0.04 at IMOS Station, respectively, indicating the turbidity seasonal variation in the inner harbour is more significant, compared with the deep waters in the outer harbour. This is because suspended sediment driven by waves is an important resuspension mechanism in shallow estuaries and coastal areas [42] and the sediment in shallow water can be easily carried to the water surface by strong waves. Hence, due to the smaller water depth, the seasonal variation in turbidity in the inner harbour and coastal areas was more notable than that in the outer harbour. In general, these outcomes suggest that wind driven waves was a major factor controlling the seasonal variation of turbidity in Darwin Harbour and offshore areas.
The Effect of Spring and Neap Tides on Turbidity Variation
Tide is the dominant factor influencing the sediment dynamics and mixing in Darwin Harbour. During the spring tide, the tidal range can exceed 7 m, whereas during the neap tide the tidal range is typically around 2.5 m [43] . In addition, according to measurements at the IMOS station, the peak current velocity can reach to 2 m s −1 . The large tidal variation suggests that the hydrodynamics in In general, these outcomes suggest that wind driven waves was a major factor controlling the seasonal variation of turbidity in Darwin Harbour and offshore areas.
Tide is the dominant factor influencing the sediment dynamics and mixing in Darwin Harbour. During the spring tide, the tidal range can exceed 7 m, whereas during the neap tide the tidal range Remote Sens. 2018, 10, 997 13 of 26 is typically around 2.5 m [43] . In addition, according to measurements at the IMOS station, the peak current velocity can reach to 2 m s −1 . The large tidal variation suggests that the hydrodynamics in Darwin Harbour is largely impacted by the spring and neap tides. MODIS data at low water level during the spring and neap tides in the dry season were composited to analyze the influence of tidal range and current on the turbidity in Darwin Harbour. The number of MODIS passes used to retrieve turbidity is shown in Table 4 . Figure 9 shows the turbidity patterns during spring and neap tide. The spatial extent of the TMZ during spring tide was larger than that during the neap tide, especially for the inner harbour, river mouths, and coastal area near Charles Point. A strong eddy was formed near Nightcliff and East Point, due to the larger tidal range and current velocity during the spring tide [37] , and a large amount of sediment was trapped, forming a TMZ ( Figure 9 ). According to Li [27] , the dredging disposal materials can be advected to the east coast in the outer harbour and be trapped by the eddies. In contrast, in neap tide, the TMZ formed by eddies near Nightcliff and East Point was not as distinct as during the neap tides. Darwin Harbour is largely impacted by the spring and neap tides. MODIS data at low water level during the spring and neap tides in the dry season were composited to analyze the influence of tidal range and current on the turbidity in Darwin Harbour. The number of MODIS passes used to retrieve turbidity is shown in Table 4 . Figure 9 shows the turbidity patterns during spring and neap tide. The spatial extent of the TMZ during spring tide was larger than that during the neap tide, especially for the inner harbour, river mouths, and coastal area near Charles Point. A strong eddy was formed near Nightcliff and East Point, due to the larger tidal range and current velocity during the spring tide [37] , and a large amount of sediment was trapped, forming a TMZ ( Figure 9 ). According to Li [27] , the dredging disposal materials can be advected to the east coast in the outer harbour and be trapped by the eddies. In contrast, in neap tide, the TMZ formed by eddies near Nightcliff and East Point was not as distinct as during the neap tides. Figure 10 shows the turbidity pattern along transect 1 at low water during the neap and spring tides. In general, turbidity variation during spring and neap tide is significant (p-value < 0.01): turbidity during the spring tide was much higher than that in the neap tide (Figure 10 ). During the spring tide, the turbidity in Darwin Harbour was about 6 NTU, whereas, during the neap tide, the turbidity was about 3 NTU. During the spring tide, the larger tidal range and strong currents can induce strong vertical mixing and cause large amounts of sediment to be resuspended compared with that during the neap tide, making the turbidity higher [4, 37, [44] [45] [46] . Figure 10 shows the turbidity pattern along transect 1 at low water during the neap and spring tides. In general, turbidity variation during spring and neap tide is significant (p-value < 0.01): turbidity during the spring tide was much higher than that in the neap tide (Figure 10 ). During the spring tide, the turbidity in Darwin Harbour was about 6 NTU, whereas, during the neap tide, the turbidity was about 3 NTU. During the spring tide, the larger tidal range and strong currents can induce strong vertical mixing and cause large amounts of sediment to be resuspended compared with that during the neap tide, making the turbidity higher [4, 37, [44] [45] [46] . Tide is the dominant factor for hydrodynamics and sediment transport in Darwin Harbour [25, 36, 37, 43] . To quantify the influence of the spring-neap tide on turbidity in Darwin Harbour, the correlation between turbidity and tidal range is shown in Figure 11 . The tidal range is the daily averaged vertical difference between the high tide and the succeeding low tide. According to van Senden et al. [43] , tides have a lagging effect on turbidity. In particular, they found that a lag of one day between the tidal range and turbidity had a strong relationship near Charles Point, based on two periods of measurements (May to August 2013 and January 2010 to January 2011). Figure 11 shows the relationship between MODIS-retrieved turbidity and tidal range during the dry seasons of 2013-2016 using just the data during low water. Turbidity reached a maximum when the tidal range was largest with a lag of three days (R = 0.67). In contrast to the results of van Senden et al. [43] , the one-day lagged tidal range did not have a good relationship with turbidity (R = 0.31), This difference may be caused by water depth. According to Gao et al. [39] , water depth can contribute to the lag effect of tidal range and currents on turbidity variation. For a greater depth, it takes longer for the bottom sediment to be suspended to the sea surface. Turbidity sensors used in the study of van Senden et al. [43] were located 1 m above the seabed whereas the MODIS retrieved turbidity is at the ocean surface. The time for bottom suspended sediment to reach the ocean surface where it is detectable by MODIS is likely longer than the time to reach the turbidity sensors of van Senden et al. [43] , resulting in a longer lag time for this study.
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Intra-Tidal Variation of Turbidity in Darwin Harbour
Darwin Harbour is a semidiurnal macro-tidal area. The highest astronomical tide recorded in Darwin Harbour is 8 m [36] . As discussed in Section 3.2., the spring-neap tides influence the turbidity in Darwin Harbour. It is likely that the diurnal tidal current will also influence the magnitude and distribution of turbidity. To further investigate intra-tidal variation of turbidity in Darwin Harbour, MODIS passes in dry seasons, during spring tides from 2013 to 2017, were chosen for analysis. Using water elevation data at the IMOS station, time averaged turbidity figures were grouped into four phases: ebb tide, low water level, flood tide, and high water level. The number of MODIS passes in each phase is shown in Table 5 . Because there are fewer passes for the flood tide, the low data density results in higher uncertainty for that phase of the diurnal cycle. The high turbidity in spring tide and strong relationship between tidal range and turbidity indicated that spring-neap tide is a key factor influencing the turbidity pattern in Darwin Harbour.
Darwin Harbour is a semidiurnal macro-tidal area. The highest astronomical tide recorded in Darwin Harbour is 8 m [36] . As discussed in Section 3.2., the spring-neap tides influence the turbidity in Darwin Harbour. It is likely that the diurnal tidal current will also influence the magnitude and distribution of turbidity. To further investigate intra-tidal variation of turbidity in Darwin Harbour, MODIS passes in dry seasons, during spring tides from 2013 to 2017, were chosen for analysis. Using water elevation data at the IMOS station, time averaged turbidity figures were grouped into four phases: ebb tide, low water level, flood tide, and high water level. The number of MODIS passes in each phase is shown in Table 5 . Because there are fewer passes for the flood tide, the low data density results in higher uncertainty for that phase of the diurnal cycle.
The intra-tidal variation of turbidity is shown in Figures 12-14 . There is a significant variation (p-value < 0.01) in turbidity through the tidal cycle with higher turbidity during the ebb tide and low water level and lower turbidity during flood tide and high water level.
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The intra-tidal variation of turbidity is shown in Figures 12-14 . There is a significant variation (p-value < 0.01) in turbidity through the tidal cycle with higher turbidity during the ebb tide and low water level and lower turbidity during flood tide and high water level. The turbidity is always highest during the ebb tide with two turbidity peaks along transect 1: the first in the upper stream in the inner harbour; and the second in the outer harbour near the mouth of the channel. In the inner harbour, the turbidity is 6-8 NTU in most areas, and reaches 9 NTU near the mouths of rivers. The strong ebb tide resuspends fine sediment near the seabed, increasing the turbidity. In the outer harbour, the effect of eddies near Nightcliff and high current velocity in the mouth of the channel results in a second peak in turbidity along transect 1. Turbidity near the west coast is also high, reaching 11 NTU near Charles Point, due to the resuspension of turbidity by the strong ebb tide.
During the low water level, the turbidity along transect 1 is slightly lower than during the ebb tide and it drops slowly from the inner to outer harbour. This is because after the peak ebb tide, the tidal current weakens and the suspended sediment begins to settle until low slack water is reached, resulting in the decline of turbidity at the sea surface.
The turbidity is lowest during the flood tide and the TMZ is the smallest of the four phases in Darwin Harbour. During this period, a large volume of low turbidity seawater offshore is advected into Darwin Harbour and the water elevation increases, so that surface turbidity is decreased because of dilution by the influxing water [37] . This case is similar to the study of Yalu River Estuary [4] where the authors found that SSC at flood tide was lower than that in ebb tide. Turbidity decreases slowly from the estuary to the main water body in the inner harbour and increases to more than 4 NTU in the mouth of the channel, due to resuspension of sediment by strong tidal currents, similar to the ebb tide process.
At high water level, the turbidity value along transect 1 and in the coastal region near Charles Point, is higher than during the flood tide, which may be due to resuspended sediment near the sea bottom being gradually mixed to the surface during the post peak flood current, increasing the surface turbidity.
TMZ near Nightcliff and East Point, and Near Charles Point
According to Li et al. [37] , numerical experiments show that the turbid zone is formed by the headland and it disappears when the headland is removed from the model domain. Eddies forming near East point and Nightcliff trap large amounts of suspended sediment and form a high turbid zone.
The MODIS retrieved turbidity show that there is a nearshore TMZ near Charles Point (Area A) during all four phases of the tidal cycle and an offshore TMZ west of Charles Point (Area B) at low water level during the period of observation, particular in the 2014 dry season ( Figure 15 ) and wet seasons from 2013 to 2017 (Figure 3) . In order to investigate the mechanisms that control the formation of the TMZ, the Delft3D model was applied to the study area. The turbidity is always highest during the ebb tide with two turbidity peaks along transect 1: the first in the upper stream in the inner harbour; and the second in the outer harbour near the mouth of the channel. In the inner harbour, the turbidity is 6-8 NTU in most areas, and reaches 9 NTU near the mouths of rivers. The strong ebb tide resuspends fine sediment near the seabed, increasing the turbidity. In the outer harbour, the effect of eddies near Nightcliff and high current velocity in the mouth of the channel results in a second peak in turbidity along transect 1. Turbidity near the west coast is also high, reaching 11 NTU near Charles Point, due to the resuspension of turbidity by the strong ebb tide.
The MODIS retrieved turbidity show that there is a nearshore TMZ near Charles Point (Area A) during all four phases of the tidal cycle and an offshore TMZ west of Charles Point (Area B) at low water level during the period of observation, particular in the 2014 dry season ( Figure 15 ) and wet seasons from 2013 to 2017 (Figure 3) . In order to investigate the mechanisms that control the formation of the TMZ, the Delft3D model was applied to the study area.
The boundary (red dash line) of the two-dimensional (2D) tidal model is shown in Figure 16 and water elevation obtained by Delft Dashboard from the TPXO 7.2 Global Inverse Tide Model at the boundary was used to drive the current model [47, 48] Figure 17 and validated against current data from the IMOS station in Figure 18 . Figure 18 shows a reasonable model data comparison for the depth-averaged tidal current, with correlation coefficients reaching 0.88 and 0.96 for the current speed and direction, respectively. According to the model results, there were two convergence zones at ebb tide (one nearshore near Charles Point (NCP 1), one offshore in the west of Charles Point (WCP 1)) and one convergence zone near Charles Point (NCP 2) at flood tide ( Figure 17 ). The flood tide nearshore convergence area was closer to Charles Point compared with the ebb tide convergence. These convergence zones closely match with the TMZ areas A and B shown in Figure 15 . This suggests that the formation of TMZs near Charles Point may be formed by tidal current convergence, similar to Byun and Wang [49] in their study of sediment transport in Mokpo Harbour in Korea. The boundary (red dash line) of the two-dimensional (2D) tidal model is shown in Figure 16 Figure 17 and validated against current data from the IMOS station in Figure 18 . Figure 18 shows a reasonable model data comparison for the depth-averaged tidal current, with correlation coefficients reaching 0.88 and 0.96 for the current speed and direction, respectively. According to the model results, there were two convergence zones at ebb tide (one nearshore near Charles Point (NCP 1), one offshore in the west of Charles Point (WCP 1)) and one convergence zone near Charles Point (NCP 2) at flood tide ( Figure 17 ). The flood tide nearshore convergence area was closer to Charles Point compared with the ebb tide convergence. These convergence zones closely match with the TMZ areas A and B shown in Figure 15 . This suggests that the formation of TMZs near Charles Point may be formed by tidal current convergence, similar to Byun and Wang [49] in their study of sediment transport in Mokpo Harbour in Korea. Figure 17 and validated against current data from the IMOS station in Figure 18 . Figure 18 shows a reasonable model data comparison for the depth-averaged tidal current, with correlation coefficients reaching 0.88 and 0.96 for the current speed and direction, respectively. According to the model results, there were two convergence zones at ebb tide (one nearshore near Charles Point (NCP 1), one offshore in the west of Charles Point (WCP 1)) and one convergence zone near Charles Point (NCP 2) at flood tide ( Figure 17 ). The flood tide nearshore convergence area was closer to Charles Point compared with the ebb tide convergence. These convergence zones closely match with the TMZ areas A and B shown in Figure 15 . This suggests that the formation of TMZs near Charles Point may be formed by tidal current convergence, similar to Byun and Wang [49] in their study of sediment transport in Mokpo Harbour in Korea. However, the convergence zone near area B during the ebb tide in Figure 15 became divergent during the flood tide. During this period, the suspended sediment was dispersed and the TMZ at area B disappeared during the flood tide. However, the convergence zone near area B during the ebb tide in Figure 15 became divergent during the flood tide. During this period, the suspended sediment was dispersed and the TMZ at area B disappeared during the flood tide. However, the convergence zone near area B during the ebb tide in Figure 15 became divergent during the flood tide. During this period, the suspended sediment was dispersed and the TMZ at area B disappeared during the flood tide. However, the convergence zone near area B during the ebb tide in Figure 15 became divergent during the flood tide. During this period, the suspended sediment was dispersed and the TMZ at area B disappeared during the flood tide.
Conclusions
In this study, band 1 reflectance data from the MODIS product MYD09GQ and MOD09GQ were used to retrieve surface turbidity in Darwin Harbour and adjacent coastal regions for the period from 1 November 2012 to 31 October 2017. The retrievals were used to investigate the variability of turbidity in Darwin Harbour on seasonal, spring-neap cycle and intra-tidal scales.
The turbidity pattern showed clear seasonal variability: higher turbidity during the wet season and lower turbidity during the dry season. The TMZ, which was limited to the mouth of rivers and nearshore areas, was smaller in the dry season compared with that during the wet season. Although discharges of the Blackmore and Elizabeth Rivers during the wet season was much higher than that during the dry season, the river discharge did not show significant impact on the turbidity in Darwin Harbour. In contrast, seasonal wind-driven waves seemed to be the main factor dominating seasonal variation of surface turbidity in Darwin Harbour. The correlation between surface turbidity and wind velocity and significant wave height indicated that high turbidity often corresponded to strong wind waves. The re-suspension of suspended sediment caused by strong waves in Darwin Harbour made the surface turbidity higher during the wet season. In the spring-neap tide cycle, the turbidity in Darwin Harbour showed considerable variation. During the spring tide, the turbidity was much higher and the TMZ was larger than that during the neap tide. The strong relationship between tidal range and turbidity in Darwin Harbour suggested that the tide was the dominant factor controlling turbidity in Darwin Harbour. The turbidity at different tidal phases also showed variability. Turbidity was always higher at low water level and ebb tide, similar to the results of numerical modelling of Li et al. [37] . The effect of tidal re-suspension and advection on turbidity intra-tidal variation was identified.
The study also suggested that the dredging activities in Darwin Harbour in 2013 and 2014 wet season caused the formation of a TMZ in East Arm and a TMZ near the offshore disposal ground. Based on the tidal current modelling results, the TMZ near Charles Point was formed by the convergence of tidal currents.
From the above results, it is concluded that the use of MODIS MYD09GQ/MOD09GQ product band 1 reflectance data is a good method to retrieve surface turbidity variation in relatively clear waters in Darwin Harbour. However, the limitations of the data, as well as the complex hydrodynamics in Darwin Harbour (e.g., wave-current interaction) means that further study with a wave-current coupled numerical model is needed to better understand the turbidity patterns and sediment dynamics in Darwin Harbour and adjacent coastal regions.
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